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PTBP1 regulates injury responses and sensory pathways
in adult peripheral neurons
Stefanie Alber1†‡, Pierluigi Di Matteo1†, Matthew D. Zdradzinski2, Irene Dalla Costa2,
Katalin F. Medzihradszky3, Riki Kawaguchi4, Agostina Di Pizio1, Philip Freund1, Nicolas Panayotis1,
Letizia Marvaldi1,5, Ella Doron-Mandel1, Nataliya Okladnikov1, Ida Rishal1, Reinat Nevo6,
Giovanni Coppola4§, Seung Joon Lee2||, Pabitra K. Sahoo2, Alma L. Burlingame3, Jeffery L. Twiss2,
Mike Fainzilber1*

Polypyrimidine tract binding protein 1 (PTBP1) is thought to be expressed only at embryonic stages in central
neurons. Its down-regulation triggers neuronal differentiation in precursor and non-neuronal cells, an approach
recently tested for generation of neurons de novo for amelioration of neurodegenerative disorders. Moreover,
PTBP1 is replaced by its paralog PTBP2 in mature central neurons. Unexpectedly, we found that both proteins
are coexpressed in adult sensory and motor neurons, with PTBP2 restricted mainly to the nucleus, while PTBP1
also shows axonal localization. Levels of axonal PTBP1 increased markedly after peripheral nerve injury, and it
associates in axons with mRNAs involved in injury responses and nerve regeneration, including importin β1
(KPNB1) and RHOA. Perturbation of PTBP1 affects local translation in axons, nociceptor neuron regeneration
and both thermal and mechanical sensation. Thus, PTBP1 has functional roles in adult axons. Hence, caution
is required before considering targeting of PTBP1 for therapeutic purposes.
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INTRODUCTION
Axonal regeneration requires elongating growth from the proximal
nerve segment after injury. Although functional regeneration
occurs in the peripheral nervous system (PNS), central nervous
system (CNS) neurons must contend with a lower intrinsic
growth capacity as well as a growth inhibitory extracellular environ-
ment (1). What are the intrinsic differences that enable more effi-
cient regeneration in the PNS?

PNS regeneration requires activation of intrinsic growth pro-
grams by retrograde signaling from injured axons (2). An extensive
series of studies have shown that intra-axonal protein synthesis is
required for both retrograde injury signaling and for subsequent
axonal regeneration (3). The RNA binding proteins (RBPs) for re-
generation associatedmRNAs in axons are a critical regulatory node
in the system (3–5). Sensory axons contain a plethora of RBPs (6);
however, it is still unclear how dozens of RBPs associated with thou-
sands of transcripts are localized and regulated to support axonal
growth and maintenance. Misregulation of RBPs can cause
serious damage in the nervous system and is a contributing factor
in diverse neurological diseases (7, 8).

The current study originated in a search for the RBPs required
for axonal localization of the mRNA encoding importin β1

(KPNB1), a critical regulatory factor for retrograde injury signaling
(9–11). Polypyrimidine tract binding protein 1 (PTBP1) was one of
the most prominent candidates we identified, and this was particu-
larly intriguing since previous studies have established that PTBP1
is absent from mature CNS neurons, where it is replaced by its
paralog PTBP2 (12). Both paralogs have partially redundant roles
in pre-mRNA splicing (13). PTBP1 is highly expressed in prolifer-
ating CNS progenitors during development but is down-regulated
upon differentiation and is absent in mature CNS neurons. This
effect can be attributed to the action of the neuron-specific micro-
RNA miR-124, which promotes neuronal differentiation by reduc-
ing PTBP1 levels, with concomitant increase in PTBP2 (14).
Notably, we found both proteins coexpressed in adult sensory
neurons. Levels of axonal PTBP1 increased markedly after periph-
eral nerve injury, and perturbation of PTBP1 affects axonal local
translation, neuronal injury responses, axon outgrowth, and sensa-
tion. These findings suggest that PTBP1 has functional roles in
axons of adult neurons.

RESULTS
PTBP1 is associated with KPNB1 mRNA in adult
peripheral neurons
We identified PTBP1 by RNA affinity chromatography for RBPs as-
sociated with the MAIL RNA localization motif (11) of KPNB1 in
axons (Fig. 1A). Pull-downs were conducted from rat sciatic nerve
axoplasm extracted as previously described (15), since this enabled
examination of an axon-enriched source material without mem-
brane lysis or detergent-induced perturbations (fig. S1A). Intrigu-
ingly, PTBP1 was one of the most prominent specific candidates
identified by mass spectrometry (MS) from pull-downs with
MAIL versus control motifs (Fig. 1B and data S1). Another recent
study had also found mass spectrometric evidence for PTBP1 in
RNA pull-downs from rat sciatic nerve axoplasm (6). We validated
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specificity of a series of anti-PTBP1 Abs (Abs; fig. S1, B to D, and
table S1) and then verified the interaction in mouse sciatic nerve
axoplasm by pull-down followed by Western blots (WBs), using
mutated motifs as controls (Fig. 1C). The mutated motifs include
GMAIL (G mutated MAIL), with four U to G mutations in the pre-
dicted loop, and IMAIL (inactive MAIL), with additional mutations
described (11). Similar results were obtained from bovine axoplasm
(fig. S1E). A direct interaction of PTBP1 with the MAIL motif was
confirmed by in vitro pull-downs using recombinant protein
(Fig. 1D), with comparison to recombinant nucleolin, which was
previously identified as a MAIL-binding RBP (11).

PTBP1 is a multifunctional RBP with high expression levels in
many cell types, except for mature neurons where it is typically re-
placed by its neuronal paralog PTBP2 (12, 14, 16, 17). PTBP1 levels
were found to be low in extracts of adult mouse brain, but levels in
dorsal root ganglia (DRG) were notably high (Fig. 2A). Immunos-
taining on lumbar DRG sections detected PTBP1 expression in both
glial cells and neurons (Fig. 2, B to D), and immunostaining on
sciatic nerve sections detected PTBP1 in axons (Fig. 2, E and F).

PTBP1 protein was present in all DRG neurons, independent of
their cell body or axonal sizes (fig. S2, A and B). Comparison
with other PTB family members across different tissues revealed
robust coexpression of PTBP2, but not PTBP3, in brain and DRG
(fig. S2C). A battery of immunostaining approaches, including
cleared tissue staining using immunolabeling-enabled three-di-
mensional imaging of solvent-cleared organs (iDISCO) (fig. S2D),
sciatic nerve cross-section staining (fig. S2E), and cultured neurons
immunostaining (fig. S2F), revealed strict neuronal localization of
PTBP2, while PTBP1 was found in both neurons and glia. PTBP2
was restricted to neuronal nuclei, while PTBP1 was found through-
out in nuclei, cell body cytoplasm, and axons.

PTBP1 associates with regeneration-associated mRNAs in
injured axons
As KPNB1 is a key injury response mRNA (9, 10), we monitored
PTBP1 levels in sciatic nerve axons over time after nerve crush.
We observed an increase in PTBP1 levels in axons 3 days after
injury, reaching maximal elevation after 1 week (Fig. 3, A to C).

Fig. 1. Identification of KPNB1 RBPs in the sciatic nerve. (A) Secondary structure predictions of RNAmotifs used in RNA affinity chromatography as shown. Secondary
structures for MAIL (Motif for Axonal Importin Localization), andmutated GMAIL and IMAIL control motifs, were generated usingMfold (61) withmodified bases shown in
red. (B) Proteins identified by MS on MAIL versus GMAIL pull-downs from rat axoplasm. Enrichment score (cutoff in red = 0.667) versus peptide count (PC)/molecular
weight (MW) shown in log scale (cutoff in red = 0.0004), for details see data S1. (C) WBs for PTBP1 from mouse sciatic nerve (SN) axoplasm after pull-down with MAIL or
control RNA motifs. Note that PTBP1 is enriched in the MAIL pull-down while depleted from the supernatant. (D) In vitro binding assay using recombinant PTBP1 or
nucleolin (NCL) protein with MAIL, IMAIL or the zipcode motif (ZIP) of β-actin, with detection by WB, shows direct association of PTBP1 protein with the MAIL RNA
localization motif of KPNB1.
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PTBP1 was maintained at elevated levels for up to 21 days and then
declined back to baseline levels at 56 days (fig. S3A). Significant up-
regulation was observed within sensory axons of all diameters at the
1 week time point (Fig. 3, B and C, and fig. S3, B and C). Motor
axons and glial cells also expressed PTBP1, with more modest or
variable changes upon injury (fig. S3, D and E). There was also
no significant increase in PTBP1 in DRG neuron cell bodies after
sciatic nerve injury (Fig. 3, D to F, and fig. S3, F to H). Together,
these data showing an increase in PTBP1 in injured axons
without significant increase in cell bodies might suggest that

PTBP1 is preferentially up-regulated in or transported to axons of
injured sensory neurons.

PTBP1 up-regulation in injured axons raises the possibility that
it functions to regulate axonal RNAs required for neuronal regen-
eration. Hence, we carried out RNA sequencing on PTBP1
immuno-precipitates from sciatic nerve axoplasm before and 7
days after injury (Fig. 4A). Axoplasm was harvested in physiological
buffers without detergents as previously described (15), ensuring
minimal disruption of native complexes. Specificity of the pull-
downs was verified by use of the Ab-blocking peptide as control
(fig. S4A). We identified 1069 mRNAs specifically associated with

Fig. 2. PTBP1 is expressed in adult sensory neurons. (A) WB analysis for PTBP1 protein levels in liver, brain, and DRG from adult mice. PTBP1 levels were normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and shown as fold change (FC) from liver. Individual data points with mean ± SEM, unpaired t test for brain versus
DRG, ***P < 0.001, n = 6 mice. (B) Tissue sections of adult lumbar DRG ganglia, stained for DAPI, PTBP1, and TUJ1 (tubulin beta 3 class III). Scale bars, 20 μm. Merged
images show outlined neuronal nuclei (white line) and cytoplasm (white dashed line), and glia nuclei are marked by a black cross. (C) Quantification of PTBP1 signal in
nuclei shows PTBP1 expression in both cell types with somewhat higher expression in glia. Individual data points with mean ± SEM, ratio paired t test, **P < 0.01, n = 4
mice (>100 nuclei for each mouse). (D) Quantification of PTBP1 in nucleus and cytoplasm of TUJ1-positive neurons. Individual data points with mean ± SEM, ratio paired t
test, **P < 0.01, n = 4 mice (>60 cells for each mouse). (E) Immunohistochemistry for PTBP1 on cross sections of sciatic nerve with or without blocking peptide for the
PTBP1 Ab. Axonal PTBP1 is shown in magenta hot scale (0 to 255), and borders of TUJ1-positive axonal profiles are indicated with white lines. TL, transmission light. Scale
bar, 5 μm. (F) Quantification of PTBP1 in TUJ1-positive axons. Individual data points with mean ± SEM, paired t test, **P < 0.01, n = 3 mice (>1000 axons for each mouse).
Gray dashed lines indicate paired data points. AU, arbitrary units.
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Fig. 3. PTBP1 levels increase in sensory axons following nerve crush. (A) PTBP1 protein expression in sciatic nerve (SN) axoplasm under naive (na) and injury (inj)
conditions. Detection by WB. PTBP1 levels were normalized to ERK1/2 (ERK), and the data are shown as FC to naive (red dashed line). Individual data points with mean ±
SEM, one-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons test against naive control condition, **P < 0.01, n = 3 mice for each time point. (B)
Representative images of SN cross sections from naive nerve and 7 days after crush injury. Axonal PTBP1 is shown in magenta hot scale (0 to 255), axonal profiles positive
for TUJ1 indicated with white lines. Scale bars, 5 μm. (C) Quantification of axonal PTBP1 signal in TUJ1-positive axons of different sizes (axon area bins: 0 to 1, 1 to 2, 2 to 5,
and 5 to 10μm2). PTBP1 intensity is shown as FC to naive (red dashed line), individual data points with mean ± SEM, two-way repeated measure (RM) ANOVA, ****P <
0.0001, Sidak’s multiple comparisons test, **P< 0.01, *P < 0.05, n = 3 (>700 axons per mouse for each size category). (D) PTBP1 protein expression in cell bodies of DRG. WB
of PTBP1 with normalization to GAPDH, shown as FC to naive (red dashed line). Individual data points with mean ± SEM, one-way ANOVA with Tukey’s multiple com-
parisons test, not significant, n = 3 to 4 mice for each time point. (E) Representative images of DRG tissue sections from naive, 3 and 7 days after SN crush. Scale bars, 20
μm. (F) Quantification of nuclear PTBP1 signal in DRG neurons (summary of all cell sizes, NHF+ and NHF− cells). Individual data points with mean ± SEM, one-way ANOVA
with Tukey’s multiple comparisons test, not significant, n = 3 to 7 mice (>95 cells per mouse).
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PTBP1 in axoplasm, of which 348 were enriched in injured nerve
axoplasm and 825 in naive nerve (Fig. 4, B and C; fig. S4, B to D;
and data S2). 30 Untranslated region (30UTR)motif analyses on both
these gene sets revealed an enrichment of CU motifs (Fig. 4D),
which are highly similar to the canonical pyrimidine-rich PTBP1
binding repeats (18). The KPNB1 MAIL motif also contains a
CU-rich sequence stretch (Fig. 1A), which might account for its

PTBP1 binding. Ingenuity pathway analysis highlighted specific sig-
naling networks enriched after injury, suggesting that PTBP1-asso-
ciated RNAs encode proteins involved in cytoskeleton remodeling
and axon growth after nerve injury (Fig. 4E).

We proceeded to validate axonal colocalization of PTBP1
protein with key mRNAs from the dataset, focusing on KPNB1,
which, as noted above, is a central injury response mRNA, and

Fig. 4. Identification of PTBP1 associated
mRNAs in axoplasm. (A) Schematic of RNA
coimmunoprecipitation (RNA-IP) with PTBP1
from naive (na) sciatic nerve axoplasm or 7
days after crush injury (inj). A blocking
peptide specific for the PTBP1 Ab was used
as a negative control (Ctrl). RNA-seq, RNA
sequencing. (B) Bar plot showing the total
number of transcripts identified as differen-
tially and nondifferentially expressed [false
discovery rate (FDR) < 0.1]. Gray = not sig-
nificant (ns), blue = enriched in na, red =
enriched in inj. (C) Heatmap of the differen-
tially expressed genes (DEG). Only the 1069
significantly enriched transcripts are shown
(IP versus Ctrl: logFC > 0, FDR < 0.1) with
three replicates for each group. (D) Motif
enrichment analysis on the 30UTR of signifi-
cant mRNAs in naive and injury conditions
using HOMER (63). Top three rankedmotifs in
each condition are shown with all P values <
e−20. HOMER de novo motif results show
enrichment of CU- motifs in the PTBP1 IP
samples. (E) Comparison of PTBP1 associated
mRNAs between naive and injury. Venn
diagram shows the number of unique or
overlapping mRNAs in naive/injury (1069
total). Naive, blue; injury, red; overlap, purple.
Side panels show top 15 canonical pathways
enriched in each section [Ingenuity Pathway
Analysis (IPA), Qiagen]. Heatmap shows
−log10 (P value) from minimum to maximum
value (spectrum from white to saturated
color for each section). A complete list of
mRNAs can be found in data S2.
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RHOA, a well-characterized nerve regeneration regulator (19). We
combined RNA fluorescence in situ hybridization (FISH) for the
target mRNAs with immunostaining for PTBP1 in sciatic nerve sec-
tions (Fig. 5 and fig. S5). There was significant axonal colocalization
between KPNB1mRNA and PTBP1 protein with a marked increase
24-hour postlesion in injured nerve (Fig. 5, A to D, and fig. S5, A
and B), while for RHOA axonal colocalization was similar under

both naive and injury conditions (Fig. 5, E to H, and fig. S5, C
and D). However, overall levels of RHOA mRNA were extremely
low in naive sciatic nerve and during the first few hours after
crush, with markedly increased levels from 24 hours onward, as
also noted for PTBP1 (Fig. 5, F and G).

Fig. 5. FISH validation of PTBP1 as-
sociated mRNAs. (A and E) Images of
longitudinal sections from sciatic nerve
(SN) collected at the designated time
points after crush injury and stained for
NF (neurofilament) and PTBP1 protein,
combined with FISH for KPNB1 (A) or
RHOA (E) mRNA. No primary Ab was
used as control for PTBP1 staining (Ctrl)
and scramblemRNA probe for FISH. Top:
Overlay of NF (magenta) with PTBP1
protein (gray), single plain (XY). Middle:
NF (magenta) with mRNA (gray), single
plane (XY). Bottom: Colocalization of
axonal PTBP1 with mRNA, maximum
projection of z-stack (XYZ). Images are
overexposed for illustration purposes.
Scale bars, 10 μm. (B to D and F to H)
Quantification of different FISH param-
eters showing individual data points
with mean ± SEM, one-way ANOVAwith
Sidak’s multiple comparisons test com-
paring the different time points after SN
crush against naïve, *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001, n = 3 mice
for each condition. Corresponding M1
andM2 values can be found in fig. S5. (B)
Quantification of the total levels of
PTBP1 protein in the SN. (C) Quantifica-
tion of the total levels of KPNB1mRNA in
the SN. (D) Quantification of axonal co-
localization by Pearson’s correlation
with r values as individual data points.
(F) Quantification of the total levels of
PTBP1 protein in the SN. (G) Quantifica-
tion of the total levels of RHOAmRNA in
the SN. (H) Quantification of axonal co-
localization by Pearson’s correlation
with r values as individual data points.
Please see fig. S5 for supplementary
colocalization analyses.
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PTBP1 regulates injury responses of adult
nociceptive neurons
The findings above implicate PTBP1 in injury responses after nerve
lesion. We tested this by using adeno-associated virus (AAV)–
encoded short hairpin RNA (shRNA) for knockdown of PTBP1
in DRG in vivo (Fig. 6, A and B). We validated two different
PTBP1 shRNAs, targeted to either the open reading frame or the
30UTR region of PTBP1 mRNA (fig. S6, A to C). shRNAs were
transduced via intrathecal injections of appropriate AAV9 or
PhP.S constructs 3 weeks before a conditioning sciatic nerve
lesion. Neurons were then cultured from L4/L5 lumbar DRG 7
days after the lesion. PTBP1 knockdown with either PTBP1
shRNA attenuated neuronal outgrowth after conditioning lesion
(Fig. 6, C to E, and fig. S6, D and E).

We next used behavioral assays to investigate the functional
effects of PTBP1 depletion in baseline conditions and after injury
in vivo. Knockdown of PTBP1 had no effect on baseline or
injury-associated gait parameters assessed on a CatWalk apparatus
(Fig. 6F and fig. S7A). On the other hand, treatment with either
PTBP1 shRNA increased mechanical and thermal sensitivity
under both baseline conditions (Fig. 6, G and H) and at different
time points after sciatic nerve crush (fig. S7, B and C). We subse-
quently tested the impact of PTBP1 knockdown on axonal regener-
ation after sciatic nerve lesion in vivo, by examining expression of
two different regeneration associated marker genes, calcitonin
gene-related peptide (CGRP) for nociceptors (20, 21) and superior
cervical ganglion 10 (SCG10) for general regenerating fibers (22).
We observed a significant reduction in CGRP-positive but not
SCG10-positive, regenerating enhanced yellow fluorescent protein
[(EYFP) labeled] fibers distal to the lesion site in PTBP1 knock-
down nerves (Fig. 6, I and J, and fig. S7, D and E). Thus, PTBP1
effects on both basal sensation and injury responses are primarily
seen in nociceptor neurons.

PTBP1 regulates axonal translation of RHOA mRNA
To better characterize the relationship between PTBP1 and its asso-
ciated mRNAs, we next used puromycin–proximity ligation assay
(PLA) labeling (23) to evaluate the impact of PTBP1 knockdown
on translation of RHOAmRNA. Knockdown of PTBP1 significantly
reduced RHOA mRNA translation in DRG neuron cell bodies in
culture, in parallel with a marked and significant increase in local
translation in axons (Fig. 7, A to C). These changes suggest a critical
role for PTBP1 in regulating axonal translation of RHOA mRNA.
We further analyzed axonal RHOAmRNA by live imaging of a mo-
lecular beacon (MB) probe (24) in parallel with AAV-mediated ex-
pression of PTBP1 fused with EYFP. After validating the RHOAMB
(Fig. 7, D and E), we examined association of PTBP1-EYFP protein
and RHOA mRNA in live neurons over time. As shown in Fig. 7, D
to F, there is clear and significant association of RHOA mRNAwith
PTBP1 in live neurons, but the colabeled puncta are essentially sta-
tionary or oscillatory (note velocity ranges shown in Fig. 7F). We
did not observe effective long distance processive movement of
PTBP1 together with RHOA mRNA in axons. Together, these
data suggest that PTBP1 is a local repressor of RHOA mRNA trans-
lation in axons.

Axonal perturbation of PTBP1 affects functional responses
The findings above support roles for PTBP1 in the regulation of sen-
sation and injury responses in adult sensory neurons. Are these due

to canonical nuclear roles of PTBP1, or do they arise from axonal
mechanisms? We sought to test whether local perturbation of
PTBP1 in axons might affect thermal/mechanical sensitivity and/
or injury responses, using a decoy RNA oligonucleotide for acute
and local block of PTBP1 (Fig. 8A) (25). PTBP1-blocking
(PTBP1i) or control (SCRMi) oligonucleotides were injected
locally to the sciatic nerve just before lesion (Fig. 8B). This experi-
mental paradigm enables local perturbation of PTBP1 in the sciatic
nerve, as the decoy oligo accumulates in axons but does not reach
neuronal cell bodies in the DRG (fig. S8, A to C). The decoy oligo
clearly disrupted colocalization of PTBP1 with RHOA and KPNB1
mRNA. The effect was most prominent at 7 days postinjury for
RHOA and at 1 day for KPNB1 (Fig. 8, C to E). The effect was
clearly specific for colocalization of PTBP1 with RHOA, without af-
fecting expression levels of either component, while in the case of
KPNB1, total mRNA levels were also somewhat affected (fig. S8, D
to F). The postinjury effects of the decoy oligonucleotide were
similar to those observed previously by shRNA knockdown of
PTBP1, namely, no effects on gait parameters (Fig. 8F and fig.
S8G) and increases in mechanical and thermal sensitivity after
injury (Fig. 8, G and H, and fig. S8, H and I). Together, these
data indicate that PTBP1 effects on mechanical and thermal sensi-
tivity of injured adult DRG neurons are mediated in the axonal
compartment.

Axon-specific rescue of PTBP1 perturbation
We sought to generate a PTBP1 mutant deficient in axonal locali-
zation, to allow further examination of its site of action. To this end,
we generated a series of chimeras, substituting different domains of
PTBP1 with the corresponding region in PTBP2 (fig. S9A), and
sought chimeras that would be restricted to the nucleus in a
similar manner as wild-type PTBP2. The different chimeras were
screened for axonal localization by plasmid transfection in cultured
hippocampal neurons (fig. S9B). Substitution of the RNA recogni-
tion motifs (RRMs) of PTBP1 with those of PTBP2 affected axonal
localization, and the most effective substitution proved to be re-
placement of the first two RRMs together with their connecting
linker sequence (R1-L1-R2) (fig. S9C). A previous study has
shown that PTBP1 nucleocytoplasmic shuttling is encoded in a
very similar region (26). The PTBP1 (PTBP2 R1 + L1 + R2)
chimera, henceforth termed PTBP1R1R2, was restricted to the
nucleus to the same degree as wild-type PTBP2 (fig. S9C). We
further confirmed equivalent overall expression with lower axonal
localization of the chimera in comparison to wild-type PTBP1, after
viral transduction in DRG neurons (Fig. 9, A to C).

Last, we compared the efficacy of PTBP1wt and PTBP1R1R2 in
ameliorating the increase in sensitivity induced by PTBP1 knock-
down. Animals were transduced with AAV expressing either
shCtrl, shPTBP1 UTR, or a mixture of shPTBP1 UTR with
PTBP1wt or PTBP1R1R2. Notably, only PTBP1wt was able to
rescue the increase in mechanical and thermal sensitivity induced
by the PTBP1 knockdown (Fig. 9D and fig. S10A). Similar results
were obtained after sciatic nerve crush, with monitoring of mechan-
ical and thermal sensitivity at different time points after the lesion.
As shown in Fig. 9E and fig. S10B, PTBP1wt effectively ameliorated
the increases in mechanical and thermal sensitivity over time after
injury, while PTBP1R1R2 had little or no effect. Thus, the activities
of PTBP1 are mediated at axonal sites in adult sensory neurons.
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Fig. 6. PTBP1 knockdown affects sensation and injury responses in adult sensory neurons. (A) Viral constructs used for knockdown experiments. (B) Schematic of in
vivo knockdown experiments. At day 7 after crush, both hindlimbs (naive left and injury right) were tested in CatWalk gait analysis, or DRG ganglia were collected for
neuron culture. IT, intrathecal. (C) Representative images for DRG neurons 20 hours in culture for naive and injury conditioned cells from shCtrl and shPTBP1 UTR treated
mice. TUJ1 (tubulin beta 3 class III). Scale bar, 100 μm. (D and E) Quantification of neuron growth. Mean ± SEM, two-way ANOVAwith Sidak’s multiple comparisons test
(comparing naive versus injury in each condition), *P < 0.05, **P < 0.01, n = 5 to 9 mice per condition. (D) Percent of growing neurons. (E) Total outgrowth in μm. (F)
CatWalk gait analysis after knockdown of PTBP1, naive or 7 days after SN crush. Mean ± SEM, two-way RM ANOVAwith Sidak’s multiple comparisons test, not significant, n
= 11 to 13 mice. (G andH) Naive animals were tested in the hot plate test (G) and von Frey mechanosensation (H) assay before (baseline) and 3 weeks after AAV injection.
Mean ± SEM, two-way RM ANOVAwith Sidak’s multiple comparisons test. ****P < 0.0001, n = 8 to 14 mice, PWT (paw withdrawal threshold). (I) SN longitudinal sections 3
days after sciatic nerve crush for shCtrl and shPTBP1 UTR-treated mice. Merged image of CGRP staining in magenta and EYFP from shRNA in green, injury site is indicated
by the yellow dashed line, left side proximal, right side distal. Scale bar, 500 μm. (J) Quantification of the number of double positive regenerating axons (CGRP and GFP) 1
mm distal to the injury site. Mean ± SEM, two-tailed unpaired t test, **P < 0.01, n = 10 to 17 images from three to four mice.
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DISCUSSION
The findings that PTBP1 is expressed in adult sensory and motor
neurons and that it has functional roles in sensation, injury re-
sponse, and regeneration in adult neurons are unexpected in light
of the well-established model that PTBP1 down-regulation triggers
neuronal differentiation, and it is not expressed in adult CNS
neurons (13, 17). A previous bioinformatics study reported that
mature sensory neurons have splicing profiles consistent with con-
tinued expression of PTBP1 in adulthood (27) but did not provide
experimental evidence to confirm that prediction. Our study pro-
vides experimental data on multiple levels for PTBP1 expression
in adult sensory neurons and moreover highlights roles for
PTBP1 in axonal regulation of mRNAs required for both injury re-
sponse and regenerative growth.

We identified PTBP1 in adult axons due to its binding to the
KPNB1 MAIL axonal localization motif. KPNB1 is a key injury re-
sponse mRNA in sensory axons, and its local translation is required
in retrograde injury signaling (9, 10) and in regulation of axon
length sensing (5, 11, 28). These functions are mediated by an
RNP comprising the RBP nucleolin and other canonical growth reg-
ulating mRNAs, including mTOR (11, 29). Apart from KPNB1
itself, there is limited overlap between the mRNA ensembles
bound by nucleolin and PTBP1 in sensory axons; hence, nucleolin
and PTBP1 are not likely to participate in the same transport RNP.
Rather, the dynamics of the interactions suggest that PTBP1 may be
involved in regulating KPNB1 in the axon itself, perhaps as part of
the temporal regulation of injury response versus regeneration pro-
moting mRNAs in axons (30). A previous study implicated PTBP1

Fig. 7. PTBP1 knockdown affects RhoA translation. (A) Representative images of cultured DRG neurons, transduced as indicated with shControl or shPTBP1-UTR, and
imaged after puromycin and/or anisomycin pulse. EYFP signal in red, RhoA-puromycin PLA puncta in white. Zoom-in on indicated axon segment below. Scale bars, 20
μm. (B and C) Number of RhoA-puromycin PLA puncta in cell bodies (B) or axons (C) of puromycin (Puro)– or puromycin/anisomycin (Aniso)–treated cells. Individual data
points with median, one-way ANOVAwith Tukey’s multiple comparisons test (B), or Kruskal-Wallis with Dunn’s multiple comparisons test (C). *P < 0.05, **P < 0.01, ****P <
0.0001, n = 30 to 40 neurons per condition. (D) Representative images from live tracking, TYE665-scramble or TYE665-RhoA MB in magenta, PTBP1-EYFP in green. Coloc-
alizing particles in white. Scale bar, 5 μm. (E and F) Quantification of live imaging data. (E) Pearson’s coefficient for PTBP1-EYFP protein and TYE665-scramble /TYE665-
RhoA MB in axons (gray and magenta, respectively, n ≥ 12), individual data points with mean ± S.E.M, unpaired t test. **P < 0.01. (F) Velocities of TYE665-scramble or
TYE665-RhoA puncta cotransported with PTBP1 (gray and magenta, respectively, n ≥ 48 puncta acquired), individual data points with median and 95% confidence
interval, Mann-Whitney test, ****P < 0.0001.
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Fig. 8. Functional effects of local inhibition of PTBP1 in crushed nerve. (A) The RNA decoy oligo for PTBP1 (PTBP1i) prevents PTBP1 protein from binding to endog-
enousmRNA targets. (B) Timeline for functional assays after inhibition of PTBP1 in the sciatic nerve (SN). (C) Representative images of longitudinal sections from SN 7 days
after crush injury and RNA oligos injections, stained for NF (neurofilament) and PTBP1 protein, and FISH for RHOA mRNA. Top: Single plane showing overlay of NF
(magenta) with PTBP1 protein (gray). Middle: Single plane showing NF (magenta) with FISH for RHOAmRNA (gray). Bottom: Maximum z-stack projection showing coloc-
alization of axonal PTBP1 with RHOA mRNA. Images overexposed for illustration purposes. Scale bar, 5 μm. (D) Quantification of axonal colocalized PTBP1 protein and
RHOA mRNA. Pearson’s correlation analysis, r value of individual data points with mean ± SEM, two-way ANOVA with Sidak’s multiple comparisons test to compare
between different groups (SCRMi versus PTBP1i), ***P < 0.001, n = 3 mice for each condition. (E) Quantification of axonal colocalized PTBP1 protein and KPNB1
mRNA. Pearson’s correlation analysis, r value of individual data points with mean ± SEM, two-way ANOVA with Sidak’s multiple comparisons test to compare
between different groups (SCRMi versus PTBP1i), ***P < 0.001, ****P< 0.0001, n = 3 mice for each condition. (F to H) Behavior after inhibition of PTBP1, 7 days after
SN crush. Individual data points with mean ± SEM, two-way RM ANOVA with Sidak’s multiple comparisons test, **P < 0.01, ****P < 0.0001, n = 9 mice. (F) CatWalk
gait analysis, (G) heat probe, and (H) von Frey mechanosensation.
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in regulation of mRNAs in focal adhesions of mouse embryonic fi-
broblasts (31); hence, PTBP1 may have conserved cytoplasmic roles
in diverse cellular extensions and extremities.

Ras homolog family member A (RhoA), on the other hand, is a
well-characterized cytoskeleton regulating factor with extensive
roles in neuronal survival and in axon growth and regeneration
(19, 32, 33). Local translation of RHOA has been reported in embry-
onic axon growth cone collapse and in inhibitory axon growth

pathways in embryonic and postnatal neurons (34, 35), with a
tightly regulated dynamics of local synthesis coupled with localized
degradation to control RhoA activation in the growth cone (36).
RhoA signaling has been identified as a key regulatory junction in
inhibition of axon growth by multiple external factors (37). In this
context, our data showing increased translation of RHOAmRNA in
axons after PTBP1 knockdown, with concomitant impaired axonal
regeneration of nociceptive neurons, suggest that PTBP1 repression

Fig. 9. Axonal PTBP1 is required for normal mechanosensitivity. (A) AAV constructs rescue experiments. PTBP1 regions in green, PTBP2 in magenta. HSyn1 (human
synapsin promoter), WPRE (Woodchuck hepatitis virus posttranscriptional regulatory element). (B) Representative images for DRG neurons transduced as indicated. TUJ1
in green, FLAG inmagenta, merge. Scale bar, 20 μm. Growth cone inserts scale bar, 1 μm. (C) FLAG intensity in growth cones of transduced neurons (n≥ 80), mean ± SEM,
unpaired t test, ****P < 0.0001. (D and E) Mechanosensitivity effects of transduction with wild-type PTBP1WT or PTBP1R1R2 in PTBP1 knockdown animals. Animals
underwent von Frey testing 3 weeks after AAV transduction in uninjured animals (D) and at the indicated time points after sciatic nerve crush (E). Four treatment
groups were compared as shown. shCtrl in solid gray, shPTBP1 UTR in solid magenta, shPTBP1 UTR + PTBP1wt in blue, shPTBP1 UTR + PTBP1R1R2 in red. Individual
data points with mean ± SEM shown in (D), mean ± SEM in (E), one-way ANOVAwith Tukey’s multiple post hoc test. *P < 0.05, ***P < 0.001, ****P < 0.0001. n = 3 to 8 mice
per group.
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of local translation of its associated mRNAs in axons is required for
effective nociceptor regeneration. Previous studies have implicated
PTBP1 in either enhancing (38) or repressing (39) translation of dif-
ferent mRNAs in other systems. If PTBP1 is a key factor for deter-
mining the composition of the nascent axonal proteome, then it is
intriguing to speculate that a lack of PTBP1 in CNS axons may con-
tribute to CNS regeneration failure.

A number of groups recently took advantage of the canonical
role of PTBP1 in neuronal differentiation (40–42) to assess the fea-
sibility of PTBP1 knockdown for in vivo differentiation of new
neurons to ameliorate neurodegeneration. Despite initial optimistic
reports of disease-ameliorating conversion of endogenous glia to
different neuronal subtypes (43–45), subsequent studies suggested
that the purported glia-converted neurons were actually mislabeled
endogenous neurons (46–50). Moreover, detailed lineage tracing
did not support in vivo conversion of endogenous glia to
neurons, despite efficient PTBP1 knockdown (51). Regardless, a
basic assumption in all those studies is the notion that PTBP1 is
not expressed and does not have functions in adult neurons. Our
current work clearly shows that this is not the case for peripheral
sensory neurons. PTBP1 has roles in regulating basal sensation,
injury-induced local translation, and regenerative growth of noci-
ceptors and might have similar functions in other neuronal sub-
types. Additional studies on the roles of PTBP1 in adult neurons
will be required before revisiting PTBP1 targeting approaches in
the clinic.

MATERIALS AND METHODS
Animals
All animal procedures were performed in accordance with the
guidelines of the Weizmann Institute of Science and University of
South Carolina Institutional Animal Care and Use Committees.
Adult C57BL/6 and Hsd:ICR mice were purchased from Envigo
Ltd. (Israel) and maintained at the Veterinary Resources Depart-
ment of the Weizmann Institute with free access to food and
water. Wistar rats (Envigo Ltd., Israel) were used for MS analyses.
Hsd:ICR mice were used only for WB analyses (fig. S3A), all other
experiments were performed on C57BL/6. All experiments were
performed on male animals between 2 and 5 months of age.

SN crush model
Animals were anesthetized with ketamine/xylazine intraperitoneal
(10 mg/kg body weight). Sciatic nerve (SN) crush was performed at
mid-thigh level using a fine jewelers’ forceps in two adjacent posi-
tions for 30 s each. Only the right side was subjected to the crush
injury procedure (inj), the contralateral side served as uninjured,
naive (na) control.

Behavior
All mice that were used for behavioral testing were kept on a reverse
dark/light cycle so that the assays could be performed during the
“dark” active phase of the animal. One hour of habituation was
carried out in the test room before each session. All behavioral
tests were done in a blinded manner.
CatWalk
Gait analysis was performed using CatWalk XT 10.6 (Noldus Infor-
mation Technology, The Netherlands) as previously described (10).
This setup allows for quantification of footprints and gait in

unforced moving animals. Motivation was achieved by placing the
home cage at the end of the runway. At least three compliant runs
per animal were recorded in each session.
Hot plate
Naïve mice are tested for heat sensitivity. Animals are placed on a
52°C metal flat surface covered with an additional thermal insulat-
ing plastic surface. A transparent plastic box (25 cm by 15 cm by 25
cm) is placed on top of the surface to restrict the mouse in the test
area. Slowly, the plastic surface is removed to expose the mouse to
the hot surface. The latency time to hind paw licking and/or
shaking, or jumping, is recorded, and at this point, the animal is
immediately removed from the hot plate (52).
Heat probe
This test was used to evaluate the response to noxious heat, as pre-
viously described (53). While holding the animal, a metal probe,
heated to 58°C, was applied to both hind paws consecutively
(middle part of the plantar side, left paw naive, and right paw
after crush injury). The paw withdrawal latency was recorded in
seconds (s) for three trials, with 20-min intervals between repeats.
von Frey
Mechanical sensitivity was tested in the von Frey paradigm as pre-
viously described (53). Mice were placed in an elevated setup of
transparent chambers with a wire mesh grid on the bottom. Follow-
ing a 1-hour habituation period, nylon monofilaments of different
diameter (von Frey Hairs #37450-275, Ugo Basile) were pressed
against the plantar surface of the hind paw until bending of the fil-
ament and held for a maximum of 3 s. A positive response was
noted if the paw was sharply withdrawn upon application of the fil-
ament. The test was started with a stimulus of 1.4 g [filament target
force of 13.7 millinewtons (mN)] and continued in an up-down
testing paradigm for at least five representations of the stimulus.
The paw withdrawal threshold (PWT) was calculated for each
animal using UDMAP (V3.0) (54).

Abs and validation
Primary Abs used in this study for immunoprecipitation (IP),
immuno-cytochemistry (ICC), immunohistochemistry (IHC), im-
munofluorescence (IF: ICC and IHC), and WB were as follows:
anti-PTBP1 (Santa Cruz Biotechnology, sc-16547) or anti-PTBP1
(Abcam, ab5642): both recognize the same epitope and were used
for IP at 2.5 μg/25 μl beads, WB 1:500, and IF 1:200. The blocking
peptide for PTBP1 Abs (sc-16547 and ab5642) was synthesized by
Sigma-Aldrich ([H]-DGIVPDIAVGTKRGSDELFS-[OH]). In addi-
tion, we used anti-PTBP1 (Abcam, ab133734, WB 1:1000) and anti-
PTBP1 (Thermo Fischer Scientific, 32-4800, WB 1:1000). For
PTBP2, we primarily used anti-PTBP2 (Abnova, H00058155-A01,
IF 1:1000, WB 1:2000). Other anti-PTBP2 Abs tested were from
Abcam (ab154787, WB 1:1000) or Santa Cruz Biotechnology (sc-
103847, WB 1:500). Details of the precise Ab used for each figure
are provided in table S1.

To test cross reactivity of PTBP1 and PTBP2 Abs, we generated
plasmids containing FLAG or MYC-tagged versions of PTBP1 and
PTBP2 for overexpression. Constructs were based on Ensembl IDs
ENSRNOT00000044865.7 (PTBP1-001, rat) and
ENSRNOT00000015036.7 (PTBP2, rat), inserted into a pcDNA3.1
backbone. Plasmids were transfected into HeLa cells (229, Ameri-
can Type Culture Collection) using jetPEI (Polyplus). After 48
hours, cells were fixed for staining or used for protein extraction.
Abs for PTBP1 and PTBP2 were tested to specifically detect either
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recombinant PTBP1 or PTBP2, respectively. MYC/FLAG served as
a positive control for recombinant proteins in both samples.

We also validated our main PTBP1 and PTBP2 Abs (PTBP1-g:
ab5642 and PTBP2-m: H00058155-A01) in knockdown conditions
using commercially available small interfering RNAs (siRNAs).
siRNA transfections were performed using specific siRNA probes
(siGENOME, Mouse, siRNA SMARTpool, Dharmacon) according
to the standard protocols with DharmaFECT 4 Transfection
Reagent (T-2004-02). DRG neurons were transfected 2 hours after
plating with 100 nM siRNA for Ctrl (D-001210-05-20), PTBP1 (M-
042865-01-0005), PTBP2 (M-049626-00-0005) or a combination of
both. Medium was changed after 24 hours, and proteins were ex-
tracted 48 hours later (total time in culture, 72 hours) and analyzed
by WB.

Additional Abs used in this study were as follows: anti-ROD1
(regulator of differentiation 1) (Santa Cruz, sc-100845, WB
1:200), anti–green fluorescent protein (GFP) (Abcam, ab6556,
IHC 1:500, ICC and WB 1:5000), anti-NFH (neurofilament heavy
chain) (Abcam, ab72996, IHC 1:1000, ICC 1:2000), anti-NF (neuro-
filament) (Dev Hybrid Studies Bank, RT97, mouse, IHC 1:100),
anti–glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(Santa Cruz Biotechnology, sc-32233, WB 1:5000), anti-ERK1/2
(extracellular signal-regulated kinase 1/2) (Sigma-Aldrich, M5670,
WB 1:30000), anti–β-III tubulin TUJ1 (Abcam, ab18207, IF 1:1000,
WB: 1:6000), anti-CGRP (AbD SEROTEC 1720-9007, IF 1:1000),
anti-FLAG M2 (Sigma-Aldrich, F1804, IF 1:500), anti Stathamin-
2/SCG-10 (Novus Biologicals, NBP1-49461 IF: 1:1000), anti-Nucle-
olin (Abcam, ab50279, IF & WB 1:1000), anti-RhoA (Abcam,
Ab187027, IF 1:150), and anti-puromycin (Millipore, 12D10
clone, MABE343, IF 1:3500). 40,6-Diamidino-2-phenylindole
(DAPI; Thermo Fisher Scientific, D1306) was used at 1 μg/ml.

Secondary Abs used for IF are donkey anti-mouse/rabbit/goat/
chicken Alexa Fluor 488/594/647 (Jackson ImmunoResearch, IHC
1:500, ICC 1:1000). Secondary horseradish peroxidase (HRP)–con-
jugated mouse and rabbit Abs for WB were purchased from Bio-
Rad Laboratories, secondary bovine anti-goat immunoglobulin
G–HRP (Santa Cruz Biotechnology, sc-2350). All HRP-conjugated
Abs were used 1:10,000.

Protein extraction and SDS-PAGE
For total protein extraction, cells or tissues were collected in radio-
immunoprecipitation assay (RIPA) buffer [150 mM NaCl, 1.0%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and 50 mM tris
(pH 8.0.)], supplemented with protease/phosphatase/ribonuclease
(RNase) inhibitors. Tissue samples were homogenized in Dounce
Tissue Grinders (WHEATON 33, 1 ml #357538, 7 ml #357542) or
using plastic pestles in an Eppendorf tube.

To obtain neuron-enriched protein extracts from DRG tissue,
ganglia were dissociated according to the DRG culture protocol de-
scribed below. After the Percoll gradient (depletion of non-neuronal
cells), cell pellets were washed in phosphate-buffered saline (PBS)
and then lysed in RIPA buffer.

Axoplasm for biochemical analysis was extracted frommouse or
rat SN as previously described (11, 15, 55). To minimize glia con-
tamination, transport buffer [20 mM Hepes, 110 mM KAc, and 5
mM MgAc (pH 7.4) supplemented with protease/phosphatase/
RNase inhibitors] was used in this extraction protocol. All protein
extracts were incubated on ice for 20 min, followed by a spin down
at 10,000g for 10 min at 4°C. The supernatant was used for protein

electrophoresis (Mini-PROTEAN Tetra Cell Systems, Bio-Rad) and
blotting (Trans-Blot Turbo Transfer System, Bio-Rad). Chemilumi-
nescence was detected with ImageQuant LAS 4000 (GE Health-
care), and band intensities were quantified using built-in software
(ImageQuant TL).

Pull-down of RBPs
Biotinylated RNA probes for pull-down assays were synthesized by
Integrated DNA Technologies (Syntezza, Israel): MAIL: 50-Biotin-
TEG-UCACAAACAAGCUCUCUCCUGACUUGUAUUGUGG-
30; GMAIL: 50-Biotin-TEG-UCACAAACAAGCGCGCGCCGGA
CUUGUAUUGUGG-30; IMAIL: 50-Biotin-TEG-UGAGAAA
GAAGGGCGCGCCGGACUUCUAUUCUCC-30; ZIP (ACTB):
50-Biotin-TEG ACCGGACUGUUACCAACACCCACACCCCU
GUGAUGAAACAAAACCCAUAAAUGC-30.

RNA affinity chromatography was performed as previously de-
scribed (55). Briefly, streptavidin magnetic beads were washed
several times and incubated with the biotinylated probe for 1
hour at 4°C, followed by three additional washes. Meanwhile,
freshly prepared axoplasm was applied to beads without a probe
for 1 hour to deplete unspecific proteins. Afterward, the unbound
fraction was added to the specific probes for 1 hour at 4°C.

For the in vitro binding assay, purified recombinant human
PTBP1 protein was purchased from Abnova (H00005725-P01).
One microgram of recombinant PTBP1 was used for each probe
(MAIL, IMAIL, and ZIP with 20-μl streptavidin beads). Bound ma-
terial was washed and eluted from the beads using SDS sample
buffer (WB) or RNase A (for MS). The samples were loaded onto
10% SDS–polyacrylamide gel electrophoresis gels, followed by WB
or MS analysis.

RNA binding protein identification using MS
Sample preparation for MS
Proteins binding toMAIL versus control RNAmotifs were fraction-
ated on SDS-PAGE (Bio-Rad tris-glycine precast gels 4 to 15%) and
stained using the Colloidal Blue Staining Kit (Invitrogen). Each lane
was cut into 10 pieces, and these pieces were subjected to in-gel di-
gestion (http://ms-facility.ucsf.edu/protocols.html). Briefly, the
SDS and CBB were removed using 25 mM ammonium bicarbonate
(ABC) in 50% acetonitrile/water, then the disulfide bridges were
reduced with dithiothreitol in 25 mM ABC buffer, and the free
−SH groups were alkylated with iodoacetamide. Gels were subse-
quently dehydrated and reconstituted with the trypsin solution in
25 mM ABC buffer. After 4-hour digestion at 37°C, the resulting
peptides were extracted with 5% formic acid in 50% acetonitrile/
water. The peptide solutions were concentrated and submitted to
liquid chromatography–tandem MS (LC/MS/MS).
Mass spectrometry analysis
LC/MS/MS was performed using a NanoACQUITY- LTQ-Orbitrap
XL system (Waters and Thermo Fisher Scientific, respectively). The
peptide fractionation was performed on a C18 column (75 μm by
150 mm) at a flowrate of ~400 μl; solvent A was 0.1% formic acid
in water, and solvent B was 0.1% formic acid in acetonitrile. A linear
gradient was applied from 2 to 35% organic in 40 min. Data were
acquired for 60min following sample injection, in a data-dependent
manner. The precursor ions were measured in the Orbitrap, and the
six most abundant multiply charged ions were selected for collision-
induced dissociation experiments performed and measured in the
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linear trap. The trigger threshold was 1000, and dynamic exclusion
was enabled.
Data processing
PAVA in-house script (56) was used for peak picking, and database
searches were performed with the 10 peak lists representing the
same sample combined, using Protein Prospector. Search parame-
ters: Only tryptic peptides were permitted, with two missed cleav-
ages; mass accuracy within 20 parts per million and 0.6 Da for
precursors and fragments, respectively; fixed modification: Cys car-
bamidomethylation; variable modifications: Met(O); protein N-
acetylation; N-terminal Gln to pyroGlu. The database was Uni-
ProtKB.2013.6.17, concatenated with random sequences for each
entry, Rattus and Mus musculus proteins were selected, and
human keratins were added to the list (108,456 entries were
searched). Acceptance criteria: Minimum score: 20 and 15; max E
value: 0.05 and 0.1 for proteins and peptides, respectively. False dis-
covery rate (FDR) < 1%, based on the number of decoy hits. Peptide
counts (PC) were normalized by the molecular weight (MW) of the
identified protein. Enrichment of MAIL versus GMAIL (control)
was calculated as

Enrichment score ¼ ðPCMAIL=PCSUM� MAILÞ=ðPCMAIL=PCSUM� MAIL

þ PCGMAIL=PCSUM� GMAILÞ

Proteins (peptides) only identified in the MAIL pull-down have
an enrichment score of 1, whereas peptides only identified in
GMAIL control have an enrichment score of 0. To identify potential
candidates, a twofold enrichment of MAIL versus GMAIL was used
(enrichment score > 0.6667), as well as a cutoff for high coverage
with PC/MW > 0.0004. A complete list of identified proteins can
be found in data S1.

DRG culture
The procedure for DRG neuron culture was performed as previous-
ly described (28). Briefly, adult mouse DRGs were dissociated with
100 U of papain (P4762, Sigma-Aldrich) followed by collagenase II
(1 mg/ml; 11179179001, Roche) and dispase II (1.2 mg/ml;
04942078001, Roche). The ganglia were then triturated in Hanks’
balanced salt solution, 10 mM glucose, and 5 mM Hepes (pH
7.35) using a fire-coated Pasteur pipette. Neurons were layered on
20% Percoll in L15 media and recovered through centrifugation at
1000g for 8 min. Cells were washed briefly in growth media [F12;
10% fetal bovine serum (FBS) and Primocin (100 μg/ml; InvivoGen
#ant-pm-1)] and plated on poly-L-lysine (P4832, Sigma-Aldrich)–
and laminin (23017-015, Invitrogen)–coated glass cover slips.
Culture media and serum were from Thermo Fisher Scientific.

Histology, IF, and image analysis
Immunocytochemistry
Cultured cells were washed in PBS and fixed in 4% paraformalde-
hyde (PFA) for 20 min. Blocking was performed in 10% donkey
serum, bovine serum albumin (1 mg/ml; BSA), and 0.2% Triton
in PBS for 1 hour at room temperature (RT, ~25°C). Primary Abs
were incubated in AB solution [5% donkey serum, BSA (1 mg/ml),
in PBS] for 1 hour at RT or overnight at 4°C. Secondary Abs (raised
in donkey, 1:1000, Jackson ImmunoResearch) were applied in AB
solution for 2 hours at RT. For imaging, coverslips were mounted
with Fluoromount Aqueous Mounting Medium (F4680, Sigma-

Aldrich). Sample images were acquired using an Olympus
FV1000 confocal laser-scanning microscope at ×60 magnification
with oil-immersion objective [Olympus UPLSAPO, (numerical ap-
erture) NA 1.35]
Immunohistochemistry for cryo-sections
Tissues (DRG or sciatic nerve) were fixed in 4% PFA for 24 hours at
4°C and then washed in PBS, followed by incubation in 30% sucrose
for 48 hours at 4°C. Tissues were embedded in O.C.T. Compound
(Scigen, 4583), and 12- or 15-μm sections were obtained (cross sec-
tions for sciatic nerve). Blocking was performed in 10% horse serum
and 0.2% Triton X-100 in PBS for 2 hours at RT. Primary Abs were
incubated in AB solution (5% horse serum and 0.2% Triton X-100
in PBS) overnight at 4°C. Secondary Abs were applied in AB solu-
tion for 2 hours at RT. Slides weremounted in Fluoromount (F4680,
Sigma-Aldrich), and confocal images were taken in the following
days. Samples were imaged with a DMi8 Leica (Leica Microsystems,
Mannheim, Germany) confocal laser-scanning microscope, using a
HC PL APO 40×/1.3 oil-immersion objective and HyD SP GaAsP
detectors. Imagestacks of 4 μm were collected for each sample, with
0.5-μm-thick optical sections. Images were acquired by maintaining
a pixel size of 0.142 μm and an image dimension of 2048 by
2048 pixels.
Quantification of PTBP1 levels in DRG sections
For each mouse, L4 and L5 ganglia were quantified from both sides
(left naive and right after SN crush injury), and 8 to 10 non-over-
lapping sections were imaged and used for analysis. Neuronal or
glial nuclei were segmented with a machine learning–based pixel
classification workflow implemented in Ilastik (57). PTBP1 levels
were also evaluated using a customized protocol. For this analysis,
neuronal cell bodies were segmented on the basis of TUJ1 or NFH
staining. Only neurons showing a clear nuclear signal (DAPI) were
selected for quantification. Measurements of average PTBP1 inten-
sity were obtained using ImageJ/Fiji (58). DAPI was used to identify
the nuclear compartment and was subtracted from the total cell
body area to obtain the cytoplasmic compartment. For analysis
based on cell size, the cell body area (square micrometers) was
quantified, and neurons were divided in size bins: 0 to 200, 200 to
300, 300 to 500, and >500 μm2.
Quantification of PTBP1 levels in sciatic nerve sections
Per each mouse, eight images (each one containing hundreds of
axons) were acquired from nonconsecutive sections, from naive
or crushed nerve (1 mm proximal to the injury site). Axons were
identified using different markers: TUJ1, NFH, or ChAT. Measure-
ments of average PTBP1 intensity were obtained using ImageJ/Fiji,
only the intensity of PTBP1 inside the axons was considered for the
analysis. For analysis based on axon size, the axon area (square mi-
crometers) was measured, and neurons were divided in size bins: 0
to 1, 1 to 2, 2 to 5, and 5 to 10 μm2. Clusters of small diameter axons
were identified on the basis of TUJ1 signal and segmented with a
machine learning–based pixel classification workflow implemented
in Ilastik (57). The software was trained to identify clusters of small
diameter axons based on morphology, pattern, and intensity of
TUJ1 signal and ignore single axons or structures that differ from
the above. PTBP1 levels were also examined in nuclei of non-neu-
ronal cells based on DAPI positivity. A separate set of sections
served as negative control, where we used a blocking peptide
ab23105, specific for the PTBP1 Ab (ab5642), at a concentration
of 0.011 μg/μl, corresponding to 200× molar excess compared to
the primary Ab (0.002 μg/μl). The primary Ab, alone or together
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with the blocking peptide, was incubated in the staining solution for
2 hours at RT, before proceeding with the protocol.
Immunohistochemistry for paraffin sections
SNs were fixed in 4% PFA overnight at 4°C. The next day, nerve
segments were dehydrated by increasing concentrations of
ethanol, embedded in paraffin, and 5-μm cross sections were
taken. The slides then underwent deparaffinization with xylene
and ethanol, followed by antigen retrieval in tris-EDTA buffer [10
mM tris base, 1 mM EDTA, and 0.05% Tween 20 (pH 9.0)] using a
pressure cooker at 125°C for 1 min with subsequent cooling to RT
for 1 hour. After twowashes in PBS, blocking was performed in 20%
horse serum and 0.2% Triton in PBS for 1 hour at RT. Primary Abs
(TUJ1, PTBP1, and PTBP2) were incubated in AB solution (2%
horse serum and 0.2% Triton in PBS) overnight at RT. Secondary
Abs (donkey, 1:500, Jackson ImmunoResearch) were applied in
AB solution for 2 hours at RT. Slides were mounted in Fluoromount
(F4680, Sigma-Aldrich), and confocal images were taken using an
Olympus FV1000 Confocal laser-scanning microscope at ×60 mag-
nification with oil-immersion objective (Olympus UPLSAPO,
NA 1.35).
Whole tissue staining (iDISCO)
Whole tissue staining was performed as described (59) with minor
adjustments. Tissue was fixed in 4% PFA o/n at 4°C and washed in
PBS. Subsequently, samples were dehydrated in methanol/H2O
series (20, 40, 60, 80. and 100 for 1 hour each), bleached in fresh
5% H2O2 in methanol o/n at 4°C and rehydrated the next day.
After two washes in PTx.2 buffer (0.2% Triton X-100 in PBS),
samples were permeabilized in PTx.2 containing glycine (23 mg/
ml) and 20% (v/v) dimethyl sulfoxide (DMSO) for 2 days at RT.
Blocking was performed in PTx.2 containing 6% donkey serum
and 10% DMSO for 3 days at RT. Abs for PTBP1, PTBP2, and
NFH were applied in in PTwH buffer [0.2% Tween 20 and
heparin (0.01 mg/ml) in PBS] supplemented with 5% DMSO and
3% donkey serum for 3 days at RT. After five washes (each 30
min) in PTwH buffer, tissue samples were incubated with secondary
Abs in PTwH with 3% donkey serum for 2 days at RT, followed 1
hour DAPI in PTwH and five washes in PTwH (30 min). Last,
samples were transferred to 75% glycerol for 1 week before
imaging. For imaging, an Olympus FV1000 Confocal laser-scan-
ning microscope at ×60 magnification with oil-immersion objective
(Olympus UPLSAPO, NA 1.35) was used.
Fluorescence in situ hybridization
Single-molecule FISH combined with IF was used to detect and
quantitate RHOA and KPNB1 mRNA and PTBP1 protein in
mouse sciatic nerve sections as described (60). 50 Labeled Stellaris
probes were designed against mouse RHOA and KPNB1mRNA. SN
segments were fixed overnight in 2% PFA at 4°C and then cryopro-
tected overnight in 30% sucrose at 4°C. Cryosections (25 μm thick)
were prepared and stored at −20°C until use. Slides were dried at
37°C for 1 hour and then brought to RT; all subsequent steps
were performed at RT unless indicated otherwise. Sections were
washed 10 min in PBS once and then 10 min in 20 mM glycine
three times followed by 5 min in fresh 0.25 M NaBH4 three times.
After a 0.1 M triethanolamine (TEA) rinse, sections were incubated
in 0.25% acetic anhydride in 0.1 M TEA for 10 min, followed by two
washes in 2× saline-sodium citrate (SSC) buffer and dehydration in
in graded ethanol solutions (70, 95, and 100% 3 min each). Sections
were then delipidated in chloroform for 5min, rehydrated in graded
ethanol (100 and 95% 3 min each), and equilibrated in 2× SSC.

Samples were then incubated at 37°C for 5 min in a humidified
chamber in hybridization buffer [10% dextran sulfate, Escherichia
coli transfer RNA (1 mg/ml), 2 mM vanadyl ribonucleosides, BSA
(200 μg/ml), 2× SSC, 10% formamide, Roche Blocking buffer] fol-
lowed by overnight in hybridization buffer with probes (7 μM each),
goat anti-PTBP1 (1:100; Abcam, ab5642), and RT97 mouse anti-NF
(1:100; Dev Hybrid Studies Bank). Sections were washed twice in 2×
SSC + 10% formamide at 37°C for 30 min and once in 2× SSC for 5
min. Tissues were permeabilized in PBS + 1% Triton X-100 for 5
min and then incubated for 1 hour in either Cy3- or Cy5-conjugat-
ed donkey anti-goat and fluorescein isothiocyanate–conjugated
donkey anti-mouse Abs (1:200 for each; Jackson ImmunoResearch)
in 1× blocking buffer (Roche) plus 0.3% Triton X-100. After
washing with PBS for 5 min, sections were postfixed in buffered
2% PFA for 15 min, washed in PBS three times for 5 min, rinsed
in diethyl pyrocarbonate–treated water, and mounted using
Prolong Gold Antifade.

For analyses of FISH signals, images were acquired using a Leica
SP8X confocal microscope with HyD detectors and Lightening de-
convolution. Scramble (SCRM) probe signals were used to set the
image acquisition parameters such that all acquisitions were set at
the scramble probe parameters that generated least signals. Xyz
image stacks were obtained using 63× oil-immersion objective
(1.4 NA) at two random locations along each nerve section. NIH
ImageJ colocalization plug-in (https://imagej.nih.gov/ij/plugins/
colocalization.html) was used to extract RNA signals in each
optical plane that overlapped with neurofilament. Quantification
of this “axon only” mRNA signal was done by analysis of pixel in-
tensity across each xy plane of the extracted axon only channels
using ImageJ. FISH signal intensity was normalized as pixels/μm2

of NF signal within each xy plane. The average of FISH signal inten-
sity to NF immunoreactivity in each xy plane was averaged across
the image z stack of tile image. The relative mRNA signal intensity
was averaged for all tiles in each biological replicate. Using NIH
ImageJ plugin JACoP (https://imagej.nih.gov/ij/plugins/track/
jacop.html), Pearson’s coefficient for colocalization of axon-only
PTBP1 protein with either RHOA or KPNB1 mRNAwas generated.

Live imaging of axonal PTBP1 and RhoA mRNA
Molecular beacon design
The MB sequence was manually designed to bind to a predicted
single-stranded region on mouse RhoA mRNA with favorable
MB: mRNA stability, using two secondary structure-prediction al-
gorithms: m-Fold (61) and OLIGOWALK (62). GC was added to
each end to ensure loop formation. The sequence was confirmed
to be unique by NCBI BLAST analysis (https://blast.ncbi.nlm.nih.
gov/Blast.cgi), confirming unannotated gene sequences by direct
comparison with RhoA mRNA. The MB was designed as a locked
nucleic acid (+N)/20-O-methyl RNA (mN) chimera (24) with a GC-
rich stem, with 50TYE665 fluorophore, and a 30 Iowa Black RQ-Sp
quencher and was synthesized by Integrated DNATechnologies. Se-
quences (50 to 30) are as follows: RhoA MB: /5TYE665/mGmC
mUmGmG mUmUmU + CmUmA mC + CmU mCmA + C
mUmCmU mCmUmC mCmAmG mC/3IAbRQSp/; Scramble
TYE665: /5TYE665/mCmC mGmCmG mGmCmG mGmA + A
mAmCmU mU + AmU mA + CmA + CmUmU mAmAmC
mGmCmC mGmCmG mG/3IAbRQSp/.
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DRG culture and MB transfection
For primary DRG culture, DRGs were isolated from 2 to 3 months
old C57BL/6J mice and then dissociated as described previously
(30). After centrifugation and washing in Dulbecco’s modified
Eagle’s medium (DMEM)/F12 (Life Technologies), cells were resus-
pended in 50 μl of growth media containing DMEM/F12, 1× N1
supplement (Sigma-Aldrich), 10% FBS (Hyclone), and 10 μM cyto-
sine arabinoside (Sigma-Aldrich). For each four DRGs, 1 μl of AAV-
PhP.s-GFP-PTBP1 (titer 7 × 1010/μl) virus was added, resuspended,
and incubated in ice for 30 min. Virus-transduced dissociated
DRGs were then plated immediately on laminin/poly-L-lysine–
coated live cell imaging dishes. DRGs were cultured for 7 days in
vitro (DIV). MB transfection was performed on the seventh day
of DRG culture; 5 nM of RhoA or Scrambled MB was transfected
using DharmaFECT 3 reagent (Dharmacon), and cells were then
incubated for 24 hours before imaging. Growth medium was
changed to no-phenol red containing DMEM/F12 (Life Technolo-
gies) 1 hour before starting live cell imaging.
Live cell imaging
Time lapses of RhoA-TYE665/ PTBP1 or scramble-TYE665/
PTBP1 for the cotrafficking analysis consisted of 200 consecutive
frames, for a total time of 20 min with a 6.01-s delay between two
consecutive frames.
Live cell imaging quantification
Kymographs were generated from the acquired movies using
ImageJ. The “KymoReslicedWide” FIJI/ImageJ plugin was used to
generate kymographs from time-lapse movies. The Multi Kymo-
graph plugin for FIJI/ImageJ (https://biii.eu/multi-kymograph)
was used to extract particle velocity and spatial directionality from
the tracked traces. Particle velocities were calculated by considering
the average speed of their segmental components.
Colocalization analyses
Colocalization analysis was performed using ImageJ. An axon
length of 50 to 100 μm was analyzed for colocalization of RhoA-
TYE665/ PTBP1 or scramble-TYE665/ PTBP1. The number of co-
localized puncta was analyzed using JACoP plugin (https://imagej.
net/plugins/jacop).

RNA IP and RNA sequencing
Micewere subjected to sciatic nerve crush and allowed to recover for
7 days before axoplasm collection from injured (inj) and naive (na)
nerves, using 20 animals per biological replicate. Before splitting the
samples to the experimental conditions (na PTBP1-IP, na Ctrl, inj
PTBP1-IP, and inj Ctrl), 10% of naive and injury extract was taken
as input sample. IP was performed as described previously (55).
RNA from input and IP samples was extracted using the RNeasy
Micro Kit (Qiagen, catalog no. 74004) with on-column deoxyribo-
nuclease treatment according to the manufacturer’s instructions.
We performed WB on supernatants to validate successful PTBP1-
IP (depletion of PTBP1 in supernatants of IP samples, no depletion
in Ctrl; extended data; Fig. 3A).

RNA sequencing was performed for three biological replicates,
with three experimental conditions (input, PTBP1-IP, Ctrl) and
two time points: naive and 7 days after SN crush injury. RNA se-
quencing libraries were prepared using the Nugen Ovation RNA
Ultra Low Input (500 ng) with TrueSeq Nano kit (Illumina). Librar-
ies were indexed and sequenced by HiSeq4000 with 50-bp paired-
end reads, and at least 59 M reads (average, 74.5 M) were obtained
for each sample.

Quality control was performed on base qualities and nucleotide
composition of sequences, mismatch rate, mapping rate to the
whole genome, repeats, chromosomes, key transcriptomic regions
(exons, introns, UTRs, genes), insert sizes, AT/GC dropout, tran-
script coverage, and GC bias to identify problems in library prepa-
ration or sequencing. Reads were aligned to the mouse mm10
reference genome (GRCm38.75) using the STAR spliced read
aligner (ver. 2.4.0). Average percentage of uniquely aligned reads
was 66.3%. Total counts of read fragments aligned to known gene
regions within the mouse (mm10) ensembl (GRCm38.p6) tran-
script reference annotation were used as the basis for quantification
of gene expression. Fragment counts were derived using HTSeq
program (ver. 0.6.0). Genes with minimum of 5 counts for at least
one condition (all replicates) were selected, and differentially ex-
pressed transcripts were determined by Bioconductor package
EdgeR (ver. 3.14.0). Scripts used in the RNA sequencing analyses
are available at https://doi.org/10.5281/zenodo.8006804. RNA se-
quencing data are available under Gene Expression Omnibus
(GEO) no. GSE142576.

Motif enrichment analysis (RNA sequence motifs) was per-
formed using HOMER (63) (v4.11, 10-24-2019); http://homer.
ucsd.edu/homer/motif/rnaMotifs.html. The 30UTR sequences of
the significantly enriched mRNA transcripts [PTBP1 IP versus
Ctrl: log fold change (FC) > 0, FDR < 0.1] were used as target se-
quences and compared to a custom background set (not signifi-
cantly enriched genes for each condition: PTBP1 IP versus Ctrl:
logFC < 0, FDR > 0.1). Canonical pathway analysis was performed
using QIAGEN Ingenuity Pathway Analysis (https://digitalinsights.
qiagen.com/IPA) (64). A complete list of identified transcripts and
IPA analysis can be found in data S2.

shRNA-mediated knockdown of PTBP1
The design of the shRNA constructs was based on AAV-shRNA-ctrl
(Addgene, plasmid #85741) (65). shRNA expression is driven from
a U6 promoter and the plasmid also contains an EYFP reporter.
AAV serotype 9/PhP.S (66) were chosen due to their
preference for peripheral neurons in adult mice. shCtrl:
(50-GTTCAGATGTGCGGCGAGTGAAGCTTGACTCGCCGCA
CATCTGAAC-30); shPTBP1 ORF: (50-GGGAAGTCAGTGCGCAT
TAGAAGCTTGTAATGCGCACTGACTTCCC-30); and shPTBP1
UTR: (50-AGCCGCTTTCTGTGCCTTAGAAGCTTGTAAGGCA
CAGAAAGCGGCT-30) shRNA sequences were subcloned using
Bam HI and Xba I restriction sites.

Knockdown was validated by transduction of DRG neurons in
vivo followed by immunostaining analyses (fig. S6, A to C). Cells
were fixed in 4% PFA, stained for PTBP1 or PTBP2, and quantified
using ImageJ/Fiji.

AAV-mediated expression of PTBP1wt or PTBP1chimera
pcDNA3.1 Flag-PTBP1 and PTBP2 constructs are based on
Ensembl IDs ENSRNOT00000044865.7 (PTBP1-001, rat) and
ENSRNOT00000015036.7 (PTBP2, rat). All the different PTBP1
chimeras were generated in house with restriction free cloning
(67). Each domain of PTBP1 was replaced with the corresponding
fragment of PTBP2 and tested for axonal localization. Both single
and multiple domains were replaced. The main chimeras of interest
are shown in fig. S9.
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Chimera screen for localization
P0 rat hippocampal neurons were cultured as previously described
(68). After 4 days in culture, cells were transfected with 2 μg of
FLAG-PTBP1, FLAG-PTBP2 or FLAG-chimera plasmids using
calcium phosphate. Cells were fixed after 48 hours, followed by
staining for FLAG, TUJ1, and DAPI. Quantification of FLAG stain-
ing in neurites is based on overlap with TUJ1 (excluding DAPI-pos-
itive regions) using CellProfiler. The most interesting chimera
(PTBP1 R1-L1-R2) was tested for axonal localization in vitro in
DRG neurons and for the behavioral rescue experiments.

AAV production
Low-passage human embryonic kidney (HEK) 293T cells were
maintained at 37°C with 5% CO2 in DMEM supplemented with
10% FBS. To produce rAAV-Php.S, a triple cotransfection proce-
dure was used to introduce rAAV vector plasmids together with
pPhp.S and pXX6-80, at a 1:1:1 molar ratio (66, 69). HEK293T
cells were transfected using poly-ethylenimine (linear; MW,
25,000) (Polysciences Inc., Warrington, PA), and medium was re-
placed at 18 hours posttransfection. Cells were harvested at 72 hours
posttransfection, subjected to three rounds of freeze-thawing, and
then digested with benzonase (100 U/ml; EMD Millipore, Billerica,
MA) at 37°C for 1 hour. Viral vectors were purified by iodixanol
(Sigma-Aldrich, Israel) gradient ultracentrifugation (70), followed
by further concentration using Amicon ultra-15 100K (100,000-
MW cutoff; Merck Millipore, Ireland) and washed with PBS.

Purified AAV9 was produced in HEK 293T cells (Takara Bio,
#632273), with the AAVpro Purification Kit (All Serotypes) from
TaKaRa (Takara Bio, #6666). For each construct, 10 plates (15
cm) were transfected with 20 μg of DNA (AAV-plasmid containing
the construct of interest and two AAV9 helper plasmids) using
jetPEI (Polyplus) in DMEM medium without serum or antibiotics.
pAAV2/9n and pAdDeltaF6 helper vectors were obtained from the
University of Pennsylvania Vector Core. Medium [DMEM, 20%
FBS, 1 mM sodium pyruvate, penicillin (100 U/ml), and streptomy-
cin (100 mg/ml)] was added on the following day to a final concen-
tration of 10% FBS, and extraction was done 3 days posttransfection.
Purification was performed according to the manufacturer’s in-
structions (Takara Bio, #6666). For both constructs, we obtained
titers of ~5 × 1014 viral genomes/ml, which were used undiluted
for intrathecal injections (5 μl per animal) or transduction in
culture (1 μl per well).

Knockdown and rescue in vivo
To knockdown PTBP1 in DRG neurons in vivo, we delivered shCtrl,
shPTBP1 ORF, or shPTBP1 UTR via intrathecal injection of AAV9/
PhP.S vectors. To rescue PTBP1 in DRG neurons in vivo, we deliv-
ered an equimolar mixture of shPTBP1 UTR and PTBP1wt or
shPTBP1 UTR and PTBP1chimera via intrathecal injection of
AAV9/PhP.S vectors. A total of 5 μl (~5 × 1014 viral genomes/ml)
was injected using a sterile 10-μl Hamilton micro syringe fitted with
a 30-gauge needle. Baseline behavior was assessed 3 weeks after in-
jection. Mice were subjected to behavioral testing (CatWalk, hot
plate, von Frey). Subsequently, we performed sciatic nerve crush
injury on the right hindleg, the left side was used as an uninjured,
naive control. At distinct time points after nerve crush, mice were
subjected to behavioral testing (CatWalk, heat probe, von Frey).

Conditioning lesion culture
For growth assays after conditioning lesion (71), L4 and L5 DRG
were extracted separately from both sides (left side: naive; right
side: 7 days after sciatic nerve crush) from both experimental
groups. Cells were allowed to grow for 20 hours after plating.
Imaging and analysis were performed using ImageXpress Micro
(Molecular Devices) automated microscopy system with MetaX-
press analysis software (Molecular Devices, version 5.1). Cells,
with the longest neurite > 2× the diameter of the cell body, were
considered as “growing”; and only EYFP-positive neurons were in-
cluded in the outgrowth analysis.

SN longitudinal sections
Tissues were fixed in 4% PFA for 24 hours at 4°C and then washed
in PBS, followed by incubation in 30% sucrose for 48 hours at 4°C.
Tissues were embedded in O.C.T. Compound (Scigen, 4583), and
15-μm sections were obtained. Blocking was performed in 10%
horse serum and 0.2% Triton X-100 in PBS for 2 hours at RT.
Primary Abs were incubated in AB solution (5% horse serum and
0.2% Triton X-100 in PBS) overnight at 4°C. Secondary Abs were
applied in AB solution for 2 hours at RT. Slides were mounted in
Fluoromount (F4680, Sigma-Aldrich). Samples were acquired
using ImageXpress Micro (Molecular Devices) automated micros-
copy system equipped with a 20× objective, with MetaXpress anal-
ysis software (Molecular Devices, version 5.1). For the regeneration
analysis, the number of double positive axons (EYFP and CGRP or
SCG-10) reaching 1 mm distal from the injury site was counted.

RhoA translation
To monitor RHOA spatial translation, DRG neurons were cultured
for 7 DIV and then replated on a glass coverslip for imaging as pre-
viously described (11). After 24 hours, the neurons were incubated
for 2 hours with anisomycin (200 μg/ml; Sigma-Aldrich, A9789) +
200 puromycin (100 μg/ml; Sigma-Aldrich, P8833) for background
signal control or for 200 with puromycin. Cells were then fixed with
4% PFA and stained with the standard staining protocol (as de-
scribed previously in the “Immunocytochemistry” section) with
RhoA and puromycin Ab. PLA (72) between RhoA and Puromycin
was performed according to the manufacturer’s instructions using
Duolink (Sigma-Aldrich; PLA probe anti-mouse minus
DUO92004, anti-rabbit plus DUO92002, and detection kit red
DUO92008). Cells were acquired using an Olympus FV1000 Con-
focal laser-scanning microscope at ×60 magnification with oil-im-
mersion objective (Olympus UPLSAPO, NA 1.35). The PLA signal
was quantified with an in-house script with ImageJ software, using a
mask based on intensity of EYFP staining and normalizing the
number of PLA-positive puncta by the EYFP-positive area in the
cell body or in the axons.

PTBP1 inhibition via decoy RNA oligo
Inhibitory decoy RNA oligonucleotides for PTBP1 (PTBP1i) and
scramble control (SCRMi) were as previously described (25).
These oligonucleotides are single-stranded RNA molecules of
three/four tandem motif repeats with a 20-O-methyl modification
on the ribose of each nucleotide. To increase stability for in
vivo experiments, we modified the oligos with a phosphorothioate
backbone and also added a fluorophore (TYE665) to the 50 end
to allow for imaging. Oligos were synthesized by Integrated
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DNA Technologies (Syntezza, Israel). SCRMi: 50TYE665-
GCAAUCCGCAAUCCGCAAUCC-30; PTBP1i: 50TYE665-CUCU
CUCUCUCUCUCUCUCUCUCU-30.

Decoy RNA oligos were used to locally inhibit PTBP1 in the SN
and to verify its role after SN crush injury. One set of mice was in-
jected with 865 ng of PTBP1i or SCRMi oligo (in a volume of 2 μl)
directly into the SN using a sterile 10-μl Hamilton micro syringe
fitted with a 34-gauge needle. Immediately after, we crushed the
sciatic nerve in the same position. The other side served as a
naive control. Mice were subjected to behavioral testing (CatWalk,
heat probe, von Frey) in a similar manner as in the knockdown
experiment.

A separate set of mice was injected for FISH analysis of PTBP1
protein colocalization with RHOA or KPNB1 mRNA. In this case,
each mouse was injected bilaterally with either PTBP1i or SCRMi
oligo (865 ng for each nerve as above). Only one side of the
animal was subjected to the crush injury. One day or 7 days after
the injection, sciatic nerves from both sides were isolated and pro-
cessed for longitudinal cryosections and RNA-FISH as described
above. Since treatment of the samples according to the FISH proto-
col leads to quenching of the fluorescent signal (TYE665) of the
decoy RNA oligos, a separate set of sections were imaged to show
successful injection into the SN (fig. S8).

Statistical analyses
All analyses were performed using GraphPad Prism version 8.43 for
Windows (GraphPad Software, La Jolla, CA, USA; www.graphpad.
com). Statistically significant P values are shown as *P < 0.05, **P <
0.01, ***P < 0.001, and ****P < 0.0001. Outliers were discarded
using the ROUT method with a Q (maximum desired false discov-
ery rate) of 1%, as detailed in the figure legends. All data underwent
normality testing (Anderson-Darling, D’Agostino-Pearson
omnibus, Shapiro-Wilk, and Kolmogorov-Smirnov). Normally dis-
tributed data were subjected to parametric analysis. Two-tailed, Stu-
dent’s t test was used for analysis with two groups, ordinary one-way
analysis of variance (ANOVA) was used to compare multiple
groups. Two-way ANOVA or mixed-effects analysis was used to
compare two variables (PTBP1 perturbation and SN injury).
Paired t test or repeated measure (RM) analysis was done on data
coming from the same animal and is indicated in the corresponding
figure legends. Unpaired analysis was performed in all other cases
(independent samples). Tukey’s, Dunnett’s, or Sidak’s multiple
comparisons tests were used in the follow-up analyses as specified
in the figure legends. Datasets that did not pass the normality test
were subjected to nonparametric analysis using Mann-Whitney test
for two groups or Kruskal-Wallis test for multiple group evaluation,
followed by Dunn’s multiple comparisons test. The results are
shown displaying individual values whenever possible, together
with mean ± SEM. Individual values (n) correspond to the
number of mice or cells or sections used in the experiment. All stat-
istical parameters for each analysis are stated in the corresponding
figure legends.

Supplementary Materials
This PDF file includes:
Figs. S1 to S10
Table S1
Legends for data S1 and S2

Other Supplementary Material for this
manuscript includes the following:
Data S1 and S2
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